The peptidoglycan (PG) cell wall is an essential extracytoplasmic glycopeptide polymer that safeguards bacteria against osmotic lysis and determines cellular morphology. Bacteria use multiprotein machineries for the synthesis of the PG cell wall during cell division and elongation that can be targeted by antibiotics such as the ␤-lactams. Lipid II, the lipid-linked precursor for PG biogenesis, is synthesized in the inner leaflet of the cytoplasmic membrane and then translocated across the bilayer, where it is ultimately polymerized into PG. In Escherichia coli, MurJ, a member of the MOP exporter superfamily, has been recently shown to have lipid II flippase activity that depends on membrane potential. Because of its essentiality, MurJ could potentially be targeted by much needed novel antibiotics. Recent structural information suggests that a central cavity in MurJ alternates between inward-and outward-open conformations to flip lipid II, but how these conformational changes occur are unknown. Here, we utilized structure-guided cysteine crosslinking and proteolysis-coupled gel analysis to probe the conformational changes of MurJ in E. coli cells. We found that paired cysteine substitutions in transmembrane domains 2 and 8 and periplasmic loops of MurJ could be cross-linked with homobifunctional cysteine cross-linkers, indicating that MurJ can adopt both inward-and outward-facing conformations in vivo. Furthermore, we show that dissipating the membrane potential with an ionophore decreases the prevalence of the inward-facing, but not the outward-facing state. Our study provides in vivo evidence that MurJ uses an alternating-access mechanism during the lipid II transport cycle.
two membranes, there is an aqueous compartment, known as the periplasm, that houses an essential cell wall made of peptidoglycan (PG) (1) . The PG cell wall, which is present in most bacteria, is a polymeric mesh-like structure composed of glycan strands of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) units; in addition, peptides stemming from MurNAc can be cross-linked to those from adjacent glycan strands. The resulting structure provides shape to the cell and the structural rigidity needed for protection from osmotic lysis in hypotonic environments (2, 3) . Because inhibition of the PG biogenesis pathway causes cell lysis and humans do not synthesize PG, PG synthesis is one of the most clinically and economically important targets for antibiotic development (3) .
PG biogenesis is a complex process that takes place in three stages. In the first stage, nucleotide precursors UDP-GlcNAc and UDP-MurNAc-pentapeptide are synthesized by the GlmSMU and MurABCDEF enzymes, respectively, in the cytoplasm (4) . In the second stage, MraY and MurG use these nucleotide precursors and undecaprenyl phosphate (Und-P) to synthesize the lipid-linked precursors lipid I (Und-PPMurNAc-pentapeptide) and, subsequently, lipid II (Und-PPMurNAc-pentapeptide-GlcNAc), respectively, in the inner leaflet of the IM (5) . Once lipid II is made, a "flippase" translocates it across the IM (5-7). In the third and final stage, flipped lipid II molecules are utilized by glycosyltransferases to make glycan chains, which are then cross-linked by transpeptidases to form the PG layer in the periplasm (3, 8, 9) . This overall strategy is conserved across nature to synthesize glycoconjugates such as bacterial exopolysaccharides and capsules and the oligosaccharides used in N-glycosylation (10, 11) .
Most of the enzymes participating in PG biogenesis were identified decades ago, but the identity of MurJ as the lipid II flippase in Escherichia coli was only recently proposed (12, 13) . MurJ belongs to the multidrug/oligosaccharidyl lipid/polysaccharide (MOP) transporter family, which includes the Wzx flippases that transport Und-PP-linked oligosaccharides structurally similar to lipid II across bacterial membranes (14, 15) . MurJ was initially proposed to be the lipid II flippase based on this homology and because its depletion causes PG precursor buildup and eventually cell lysis (13) . Importantly, depletion or chemical inhibition of MurJ leads to lipid II accumulation in the inner leaflet of the IM of E. coli cells, demonstrating that lipid II flipping across the IM requires MurJ (16 -18) . More recently, it has been shown that MurJ binds lipid II in vitro (19) and that its cellular localization is governed by the presence of lipid II (20) . Interestingly, although MurJ is the only lipid II flippase in E. coli and is essential for PG biogenesis in other bacteria (21) (22) (23) , the structurally unrelated proteins Amj and Wzk can also translocate lipid II in Bacillus subtilis and Helicobacter pylori, respectively, and can substitute for native MurJ in E. coli (24, 25) .
Earlier studies probing the structure of MurJ in vivo using the substituted-cysteine accessibility method (SCAM) revealed the presence of 14 transmembrane domains (TMs) in MurJ that are arranged into a V-shaped structure similar to that of the multidrug and toxic compound extrusion (MATE) transporters of the MOP exporter superfamily (26, 27) . It was predicted that TMs 1, 2, 7, and 8 of MurJ form a central hydrophilic cavity, and, in agreement with its role as a lipid II flippase, several charged residues in this cavity were shown to be required for MurJ function (26, 28) . This suggested that MurJ might function similarly to MATE exporters, which utilize an antiport mechanism that relies on a gradient of either cations or protons across the membrane to translocate toxic drugs from the cytoplasm to the periplasm (14, 17) . Indeed, this model was further supported by the recent discovery that lipid II translocation across the IM depends on the membrane potential (17) .
Recent crystal structures of MurJ from Thermosipho africanus and E. coli were reported (29, 30) showing the central cavity formed by the N-terminal (N) lobe (TMs 1-6) and the C-terminal (C) lobe (TMs 7-14) in an inward-open conformation (i.e. with the cavity open to the cytoplasm). This conformation was surprising because all crystal structures of related MATE transporters reveal an outward-open conformation (27, (31) (32) (33) . It is also worth noting that MurJ has 14 TMs, whereas most members of the MOP exporter superfamily have 12 TMs (14, 26, 29, 30) . At present, the only in vivo structural studies on MurJ have used SCAM probing to suggest that the protein can adopt an outward-open state (17, 34) . This periplasmic-open conformation was also recently suggested by evolutionary coupling analysis (30) .
In this study, we used structure-and evolutionary couplingguided in vivo cysteine cross-linking to investigate the conformational changes that MurJ undergoes during the lipid II flipping cycle in live cells. Our data demonstrate that MurJ can adopt both inward-and outward-facing conformations in vivo. Furthermore, we show that the membrane potential is only required for the formation of the inward-facing conformation. Based on our data, we propose that MurJ functions by a cationantiport, alternating-access mechanism to translocate lipid II across the inner membrane.
Results

Experimental rationale
We wanted to use site-directed cysteine in vivo cross-linking to test the proposed alternating-access model for the transport (29, 30) . For this strategy, we needed to introduce a cysteine residue into each of the lobes of MurJ and use homobifunctional cross-linking reagents that could cross-link specific cysteine pairs when the two lobes adopted only one of the two conformations. This method has been successfully used to probe the structure of proteins such as LacY (35-37) and YidC (38) . To guide us in the selection of residues to replace with cysteine, we used the crystal structure of the inward-open state and the in silico homology model predicting the outward-open state (30) . Based on this rationale, we identified 11 pairs of residues in the cytoplasmic side of MurJ whose C␣ positions allowed us to predict that cysteine replacements would be too far to be cross-linked in the inward-open state, yet would be within cross-linking distance in the outward-open state ( Fig. 1 and Table 1 ). We also selected two pairs of residues in the periplasmic side of MurJ we predicted would be close enough to be cross-linked in the inward-open structure, but not in the outward-open state ( Fig.  1 and Table 1 ). Furthermore, we also selected two pairs of residues which should not cross-link in any conformation to validate the physiological relevance of our cross-linking strategy ( Fig. 1 and Table 1 ). These residues had previously been shown to be fully accessible to mono-reactive maleimides when substituted with cysteine (26). 
Construction of FLAG-MurJ⌬Cys-thrombin variants
To aid in differentiating cross-linked and uncross-linked proteins in the strategy described above, we constructed a functional variant of MurJ in which the loop connecting the N and C lobes could be cleaved by the protease thrombin after cells were treated with cross-linkers ( Fig. 2A) . In the absence of crosslinking, thrombin should cleave this construct into two fragments: one corresponding to the N lobe (TMs 1-6) and the other corresponding to the C lobe (TMs 7-14). However, the two fragments should remain covalently linked after protease cleavage if the two lobes were cross-linked prior to proteolysis. The two native cysteine residues of MurJ were replaced with serine residues as described previously (26) , and a FLAG tag was appended to the N terminus of MurJ for detection by immunoblotting. The plasmid-encoded FLAG-MurJ⌬Cys-thrombin variant was functional as it complemented the deletion of chromosomal ⌬murJ and fully supported growth on yeast tryptone (YT) agar, a low-osmolarity medium that can be used to detect partial loss-of-function defects in MurJ (for more details, see "Experimental procedures") (26, 28) . In addition, FLAG-MurJ⌬Cys-thrombin was detected in whole-cell samples by immunoblotting (Fig. 2B) . As expected, when membrane fractions from haploid cells producing the FLAGMurJ⌬Cys-thrombin protein were treated with thrombin, we observed complete cleavage and only detected the N lobe containing the FLAG tag (Fig. 2C) . In contrast, the membrane fraction from cells producing a FLAG-MurJ⌬Cys variant lacking the thrombin cleavage sequence showed no proteolysis, demonstrating that nonspecific cleavage does not occur during sample preparation and thrombin protease treatment (Fig. 2C) .
We then substituted single residues or pairs of residues in the FLAG-MurJ⌬Cys-thrombin variant with cysteines at selected locations as discussed above. Altogether, 19 monocysteine and 15 double-cysteine mutant alleles were constructed by site-directed mutagenesis of flag-murJ⌬Cys-thrombin. FLAG immunoblot analysis revealed that all variants, except five monocysteine (N155C, K293C, S290C, E302C, and A344C) and eight double-cysteine (I67C/S290C, A69C/K293C, A69C/A344C, K72C/K293C, S73C/K293C, S73C/S297C, S73C/E302C, and A, cartoon representation of the structure of the FLAG-MurJ⌬Cys-thrombin variant and its proteolytic analysis. TM1, TM2, TM5, TM8, and TM9 and the location of the insertion of the thrombin cleavage sequence are labeled on the inward-open MurJ structure (PDB code 6CC4). The thrombin protease site (green box) was introduced in cytoplasmic loop 6-7 that links the N lobe (pink) and C lobe (gold) of MurJ⌬Cys. An N-terminal FLAG tag used for detection by immunoblotting (panel on the right) is displayed as an orange flag on the N lobe. In the absence of thrombin treatment, the full-length FLAG-MurJ⌬Cys-thrombin variant should appear as an ϳ37-kDa band in a FLAG immunoblot. Thrombin treatment should cleave the two lobes, and only the N lobe (ϳ18 kDa) should be detected by FLAG immunoblotting. B, samples from overnight cultures of haploid murJ strains producing FLAG-MurJ (WT), its cysteine-less derivative FLAG-MurJ⌬Cys (⌬Cys), and FLAG-MurJ⌬Cys-thrombin (⌬Cys-Th) were subjected to FLAG immunoblotting. As reported earlier (26), FLAG-MurJ⌬Cys migrates more slowly than FLAG-MurJ on SDS-polyacrylamide gels. LptB immunoblotting (bottom panel) was used to check for equal loading of samples. C, membranes prepared from exponential-phase cultures of haploid murJ strains producing FLAG-MurJ⌬Cys and FLAG-MurJ⌬Cys-thrombin were treated (ϩ) or not (Ϫ) with thrombin. Proteins were resolved on 12 and 10% (w/v) SDS-polyacrylamide gels and subjected to FLAG immunoblotting. Although 10% gels allow better detection of full-length FLAGMurJ⌬Cys and FLAG-MurJ⌬Cys-thrombin proteins, 12% gels must be used to detect the much smaller N lobe. The positions of molecular mass markers (in kDa) are indicated. Data are representative of three independent experiments. Probing the alternating-access mechanism for MurJ N155C/S290C) variants, were present at similar levels to those of FLAG-MurJ⌬Cys-thrombin (Fig. S1 ). Although some had biogenesis defects, all variants were functional based on their capacity to complement a ⌬murJ chromosomal allele and fully support growth on YT agar (26, 28) . Therefore, all FLAGMurJ⌬Cys-thrombin variants were fully functional and able to complete the lipid II flipping cycle in vivo.
Cross-linking of paired cysteines demonstrates that MurJ adopts the inward-open conformation in vivo
We then used the functional FLAG-MurJ⌬Cys-thrombin double-cysteine variants for our in vivo cysteine cross-linking studies to probe conformational changes that the cavity of MurJ might undergo in cells under physiological conditions. We used maleimide cross-linkers because they are well recognized to be reactive in aqueous environments such as the periplasm and cytoplasm, and they form thioether bonds with sulfhydryl groups of cysteines that are resistant to reversal by reducing agents (39) . Specifically, we used 1,6-bis(maleimido)hexane (BMH; which has a flexible 16-Å spacer arm length), 1,2-bis-(maleimido)ethane (BMOE; which has a flexible 8-Å spacer arm length), and N,NЈ-(o-phenylene)dimaleimide (o-PDM; which has a rigid 6-Å spacer arm length) (Fig. S2) .
Because E. coli MurJ was crystallized in the inward-open conformation (30), we first tested two cysteine pairs located on the periplasmic side of MurJ that should be cross-linked with BMOE and o-PDM in this state. However, these residues would be expected to be too far away to be cross-linked in the outward-open conformation according to the in silico model (30) . Namely, we tested A34C/A344C, localized in the periplasmic loop (PL) between TMs 1-2 (PL1-2) and PL9-10, respectively, and V43C/T251C, localized in TM2 and TM7, respectively (Fig.  1) . As expected, when cells were not treated with cross-linkers, treatment of isolated membranes with thrombin led to the disappearance of full-length FLAG-MurJ (Fig. 3A) and the concomitant appearance of the fragment corresponding to the cleaved FLAG-N lobe (Fig. S3A) . In contrast, if cells were first treated with either BMOE and o-PDM and their membranes were then subjected to thrombin treatment, we could still detect a significant portion of full-length FLAG-MurJ (Fig. 3A) but less of the cleaved FLAG-N lobe (Fig. S3A) . These results demonstrated that BMOE and o-PDM cross-linked A34C/ A344C and V43C/T251C.
To validate that these results were reflecting specific intramolecular cross-links in biologically relevant conformations, we first demonstrated that the maleimide homobifunctional cross-linkers could not cross-link MurJ⌬Cys-thrombin (WT) and a subset of variants containing single-cysteine substitutions in either the cytoplasmic or periplasmic side of MurJ. Despite treatment with cross-linkers, membrane fractions containing these variants showed complete cleavage by thrombin ( Fig. 4A and Fig. S6A) . Additionally, we also demonstrated that, as expected, cross-linking did not occur in a double-cysteine variant (A69C/A344C) in which one cysteine is located in the cytoplasmic end of TM2 (A69C) and the other is in PL9-10 (A344C) (Fig. 4A and Fig. S6A ). Lastly, if cells producing the aforementioned periplasmic V43C/T251C pair were pretreated with N-ethylmaleimide (NEM), which covalently blocks cysteines, before adding the cross-linking reagents, the ability to crosslink the V43C/T251C variant was lost ( Fig. 4B and Fig. S6B ). Together, these data supported our conclusion that the ability of BMOE and o-PDM to cross-link the periplasmic A34C/ A344C and V43C/T251C pairs indicated that MurJ attains the inward-or cytoplasmic-open conformation in vivo.
Cross-linking of paired cysteines demonstrates that MurJ adopts the outward-open conformation in vivo
Next, we applied the same strategy with cysteines located on the cytoplasmic side of MurJ to determine whether it adopts the outward-open conformation in vivo (Fig. 1) . In the MurJ outward-open homology model, the distance between the cytoplasmic ends of TM2 (N lobe) and TM8 (C lobe) is short enough Probing the alternating-access mechanism for MurJ to allow cross-linking, whereas these domains are too far apart to be cross-linked in the inward-facing conformation revealed by the crystal structure (30) . Considering this, we tested the ability of BMH, BMOE, and o-PDM to cross-link nine doublecysteine MurJ variants, each with substitutions in the cytoplasmic ends of TM2 and TM8, specifically the S73C/S297C, S73C/ 296C, S73C/K293C, K72C/K293C, E70C/A296C, A69C/ K293C, A69C/S292C, I67C/S290C, and V65C/L288C variants. We observed that seven of these double-cysteine pairs (S73C/ S297C, S73C/A296C, S73C/K293C, E70C/A296C, A69C/ K293C, A69C/S292C, and V65C/L288C) could be cross-linked with all three reagents in a length-dependent manner (Fig. 3B and Fig. S3B ). In contrast and as expected, cross-linking did not occur in the I67C/S290C double-cysteine variant in which both cysteines are facing away from each other in the outward-open structural model (Fig. 3B and Figs. S3B and S4 ). We propose these results are indicative of the outward-open conformation and not caused by artifacts because no cross-linking was detected in select variants with single cytoplasmic cysteine substitutions or two cysteines that face away from each other (I67C/S290C) or when the cytoplasmic S73C/A296C doublecysteine mutant was pretreated with NEM before adding crosslinkers ( Fig. 4B and Fig. S6B ). Furthermore, our results are consistent with a recent study in which residues in TM2 (Val-65, Pro-66, and Ala-69) were suggested to participate in extensive hydrophobic interactions with residues in TM8 (Leu-288, Pro-289, and Ser-292) in the outward-open conformation (30) .
By contrast to the other seven pairs, the K72C/K293C pair was not cross-linked with any reagent (Fig. 3B and Fig. S3B ). This was surprising because the C␣ distance between these two residues in the MurJ outward-open homology model is well within the anticipated range of the cross-linkers (Table 1) (Fig. S5) . Therefore, if TM2 and TM8 were to cross each other more than expected from the model, cross-linking between Lys-72 and Lys-293 would be impossible because these residues would be separated by the last turn in TM2. Alternatively, residues in the nearby cytoplasmic loop between TM4 and TM5 may be extending between the cysteine pair and thus hampering the cross-linking, or the orientation of their side chains is such that cross-linking is not possible.
We were also interested in investigating the proximity of TM2 and TM9 during the predicted conformation shifts in MurJ. Therefore, we tested the cross-linking pattern of S73C/ E302C (TM2 and TM9, respectively) in the presence of all cross-linkers. We observed cross-linking only with BMH (16 Å) but not with the smaller cross-linkers BMOE (8 Å) and o-PDM (6 Å) (Fig. 3B and Fig. S3B ). This result suggests that the sulfhydryl groups of these two residues come within 16 Å of each other during the lipid II flipping cycle, supporting the existence of an outward-open conformation. Furthermore, our results also support the idea that TM2 comes closer to TM8 than to TM9 in the outward-open conformation, which is consistent with the predictions of the homology model (30) . We further demonstrated the validity of the homology model by showing that the N155C/S290C (cytoplasmic loop (CL) 4-5 and TM8) and E70C/Q378C (TM2 and CL10-11) pairs could be crosslinked with all three cross-linkers, whereas the E70C/Q378C pair was cross-linked with BMH and BMOE but not with the shorter and more rigid o-PDM cross-linker ( Fig. 3B and Fig.  S3B) .
A summary of cross-linking results for all double-cysteine pairs is presented in Table 1 . Collectively, those results demonstrate that MurJ exists in both the inward-open and the outward-open conformations in vivo. Therefore, our data support an alternating-access mechanism of MurJ for the translocation of lipid II across the membrane.
Effect of a protonophore on the cross-linking of MurJ paired cysteines variants
The proton motive force is an electrochemical gradient of protons across the bacterial cell membrane, and it consists of two components, a membrane potential (⌬) and a pH gradient (⌬pH) (40) . Protonophores like 3,3Ј,4Ј,5-tetrachlorosalicylani- Probing the alternating-access mechanism for MurJ lide (TCS) (Fig. S2) increase the permeability of the membrane to protons and abolish both ⌬ and ⌬pH. Previously, we showed that lipid II accumulated in cells after TCS treatment (17) . Specifically, disruption of membrane potential, not the pH gradient, was responsible for the lipid II buildup in protonophore-treated cells. In vivo SCAM analysis also revealed that the solvent exposure of seven residues in the cavity increased upon membrane depolarization by TCS, suggesting that collapsing membrane potential led to a conformational change in MurJ to favor an outward-open state (17) . Because in vivo cysteine cross-linking allows us to specifically probe the ability of MurJ to adopt both the inward-and outward-open conformations in cells, we investigated the effect of protonophore treatment on the cross-linking of cysteine pairs on the periplasmic and cytoplasmic sides of MurJ. We chose o-PDM as the crosslinker because of its small 6-Å spacer arm length. Cross-linking of the periplasmic cysteine pairs by o-PDM should only be possible in the MurJ inward-open conformation; conversely, crosslinking of the cytoplasmic cysteine pairs should only occur in the outward-open conformation. We observed that with increasing concentrations of TCS, cross-linking by o-PDM of periplasmic cysteine pairs (V43C/T251C and A34C/A344C) decreased significantly (Fig. 5, A and B, and Fig. S7 ). In contrast, the ability of o-PDM to cross-link cytoplasmic cysteine pairs (V65C/L288C, A69C/S292C, S73C/A296C, and S73C/S297C) either slightly increased or remained the same with increasing concentrations of TCS (Fig. 5, A and C, and Fig. S7) 
Discussion
Transporters are dynamic proteins that attain several conformations during their transport cycles. Obtaining high-resolution crystal structures of transporters in their different conformations, with or without substrates, is a challenging task. It is therefore not surprising that translocation of the cell wall precursor lipid II across the cytoplasmic membrane is the most poorly understood essential step in PG biogenesis. Since its discovery in 2008 (12, 13) , mechanistic details about how MurJ flips lipid II have been limited. Experimental evidence from crystal structures of MurJ in the inward-open state (29, 30) , in vivo structural probing (17, 26, 34) , structure-function analyses (26, 28) , and in vivo dependence of lipid II translocation on membrane potential (17) suggest that MurJ might function similarly to structurally related MATE exporters, the betterstudied members of the MOP exporter superfamily to which MurJ belongs (14, 27, 41) . MATE transporters possess a central cavity that undergoes conformational changes to translocate toxic compounds across the cytoplasmic membrane. The current model for their function is an alternating-access mechanism that depends on the electrochemical gradient across the cytoplasmic membrane and substrate binding (27, 41) . Membrane potential also plays an important role in other non-MOP secondary transporters that have been extensively studied such as the intestinal Na ϩ /glucose symporter SGLT1, the Na ϩ -dependent sugar importer from Vibrio parahemolyticus (vSGLT), and the galactoside/H ϩ symporter LacY (42, 43) . In SGLT1, membrane potential mainly affects the conformational change of the substrate-free transporter to the initial outward-facing state, having an additional minor effect on Na ϩ binding to the The standard deviation is indicated by the error bars. Significance of differences between TCS-treated and untreated samples was calculated using an unpaired two-tailed Student's t test and marked as follows: ns, not significant, p Ͼ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001. Fig. S7 shows corresponding immunoblots derived from 12% gels.
Probing the alternating-access mechanism for MurJ extracellular binding site (42, 44) . Similarly, in vSGLT, the negative membrane potential of the cell drives vSGLT to the outward-facing state to bind sugar and start the transport cycle (43) . In LacY, protonation allows substrate binding, which induces a conformational change that opens the cavity to the other side of the membrane, whereas deprotonation after substrate delivery returns LacY to the initial open state on the other side of the membrane (45) . In this study, we utilized a combination of structure-guided in vivo cysteine cross-linking and proteolysis-coupled gel analysis to probe the conformation of MurJ in cells. Our data demonstrate that MurJ exists in the inward-and outward-open conformations in vivo, supporting an alternating-access mechanism for lipid II transport. Furthermore, our data show that collapsing the membrane potential stalls MurJ in the outwardopen conformation because it prevents it from adopting the inward-open state.
On the basis of our results and those of others, we propose the following model for lipid II flipping by MurJ (Fig. 6, A and  B) . In the inward-open conformation, cytoplasmic lipid II binds to MurJ. It has been hypothesized that although the disaccharide pentapeptide interacts with the MurJ cavity, the hydrophobic groove formed by TM13 and TM14 in the C lobe of MurJ associates with the undecaprenyl tail (29, 30) . Once lipid II has engaged with the central cavity, the N lobe and C lobe of the flippase undergo the transition from inward-open to outwardopen conformation, similarly to the proposed mechanism for some members of the MOP superfamily (27, 46) . Once the cavity is open to the periplasm, MurJ can release lipid II so that it can be used to build new peptidoglycan cell wall. Notably, it is unknown whether the lipid tail of lipid II remains associated with the hydrophobic groove formed by TM13 and TM14 throughout the transport cycle (29, 30) or is free in the hydrophobic core of the membrane. Nevertheless, there is a lateral open slot between TM1 and TM8 that would allow the unimpeded flipping of lipid II whether the undecaprenyl tail stays associated with TM13-14 or free in the membrane (28 -30) . After MurJ delivers lipid II to the periplasmic side, it uses the electrochemical potential of a counterion to return to the inward-open conformation (17) . Thus, like SGLT1, vSGLT, and LacY, MurJ needs the membrane potential to reset. In the absence of this ⌬, a component of proton motive force, which is negative in the cytoplasm relative to the periplasm (40), MurJ would not be able to make the transition from outward-open to inward-open conformation, therefore disrupting the lipid II transport cycle and resulting in accumulation of lipid II in the cytoplasm (17) . Based on both the dependence on ⌬ and similarity with MATE transporters (27) , we propose that MurJ is likely to bind to a cation in the outward-open conformation to release lipid II and/or undergo the transition from the outwardopen to the inward-open state during the lipid II transport cycle. We favor the cation antiport mechanism for MurJ based on homology to MATE transporters that use a cation gradient (27) , although we cannot rule out other models such as voltagedriven or anion-coupled symporter mechanisms. Although further studies are needed to identify such cation(s) and fully understand the mechanism of MurJ function, our studies provide the first direct biochemical evidence that MurJ uses an alternating-access mechanism of transport and provide a useful tool to probe conformational states of MurJ in vivo.
Experimental procedures
Bacterial strains and growth conditions
Strains used are listed in Table S1 . Cells were grown at 37°C with aeration in lysogeny broth (LB), and growth was monitored by absorbance at 600 nm (A 600 ). YT (also known as lowosmolarity medium) agar contained 10 g/liter tryptone, 5 g/liter Probing the alternating-access mechanism for MurJ yeast extract, and 15 g/liter agar. When necessary, ampicillin (125 g/ml), 5-bromo-4-chloro-3-indolyl ␤-D galactopyranoside (X-Gal; 20 g/ml), and isopropyl ␤-D-1-thiogalactopyranoside (0.04 mM) were added to the medium.
Plasmid construction and site-directed mutagenesis
Primers are listed in Table S2 . Plasmids were constructed using restriction enzymes, Phusion polymerase, T4 DNA ligase, and T4 polynucleotide kinase from New England Biolabs and Pfu Turbo polymerase from Agilent Technologies. Construction of pRC7KanMurJ was described previously (24) . To construct plasmids pET23/42FLAGMurJ and pET23/42FLAG MurJ⌬Cys, the EcoRI-HindIII 1,603-bp fragments containing the flag-murJ and flag-murJ⌬Cys alleles were excised from the pFLAGMurJ and pFLAGMurJ⌬Cys plasmids (26) , respectively, and ligated into the double-digested pET23/42 vector (47). DH5␣ transformants containing these plasmids were selected on LB agar containing 125 g/ml ampicillin.
Plasmid pET23/42FLAGMurJ⌬Cys-thrombin, which encodes a MurJ variant with a thrombin protease site (LVPRGS) inserted in the cytoplasmic loop between TM6 and TM7 after residue Phe-221, was generated using PCR with primers 5MurJ221 Thrombin222 and 3FLAG222MurJ. The insertion was made using site-directed mutagenesis (SDM) PCR (95°C for 2 min followed by 19 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 14 min and a final extension of 72°C for 12 min using Pfu Turbo polymerase). The resulting PCR product was treated with T4 polynucleotide kinase and then ligated with T4 DNA ligase. DH5␣ transformants harboring these plasmids were selected on LB agar containing 125 g/ml ampicillin.
To generate pET23/42FLAGMurJ⌬Cys-thrombin derivatives with cysteine substitutions, native codons were changed to cysteine codons using SDM PCR. First, plasmids with single Cys-codon substitutions in flag-murJ⌬Cys-thrombin were made and subsequently used as templates to introduce the second Cys-codon substitutions. All the substitutions were made by using SDM PCR with either Pfu Turbo polymerase (95°C for 2 min followed by 19 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 14 min and a final extension of 72°C for 12 min) or Phusion polymerase (98°C for 2 min followed by 25 cycles of 98°C for 30 s, 60 or 65°C for 30 s, and 72°C for 5 min and a final extension of 72°C for 5 min) according to the manufacturer's instructions. The variants made in pET23/42FLAGMurJ⌬Cys-thrombin were electroporated into DH5␣, and transformants were selected on LB agar containing 125 g/ml ampicillin.
Functionality test of pET23/42FLAGMurJ⌬Cys-thrombin derivatives
The ability of pET23/42FLAGMurJ⌬Cys-thrombin-derived plasmids to functionally complement the loss of murJ was evaluated as described previously (26, 28, 34) using strain NR3267 (NR754 ⌬murJ::frt pRC7KanMurJ) (24) . Briefly, we used the single-copy-number plasmid pRC7KanMurJ, which has two important features that enabled us to screen for the functionality of murJ alleles. First, pRC7KanMurJ has a partitioning defect, so it does not equally segregate into daughter cells during division. As a result, it is easily lost from the population of cells in the absence of selection imposed by kanamycin. Therefore, in media without kanamycin, pRC7KanMurJ is rapidly lost in murJ ϩ cells. Daughter cells of a ⌬murJ (pRC7KanMurJ) strain, such as NR3267, that have lost pRC7KanMurJ do not survive because murJ is essential for viability. As a result, pRC7KanMurJ is maintained in populations of NR3267 even in the absence of kanamycin because cells that lose the plasmid die. Second, pRC7KanMurJ encodes ␤-gal, allowing us to easily determine its loss by blue/white screening in the presence of X-Gal. Taking advantage of these features of pRC7KanMurJ, we transformed strain NR3267 with pET23/42FLAGMurJ⌬Cys-thrombin-derived plasmids. Functional complementation was evaluated by checking for the loss of pRC7KanMurJ. Plasmids encoding functional murJ alleles yielded white colonies, whereas those encoding nonfunctional murJ alleles yielded stably blue colonies. Strains expressing functional murJ alleles were further assessed for growth defects in low-osmolarity medium (YT agar) by checking the relative growth and colony morphology compared with those of the parent strain after overnight growth at 37°C (26, 28) . Strains carrying fully functional alleles should resemble those carrying the WT murJ allele.
In vivo cysteine cross-linking using maleimide homobifunctional cross-linkers
Strains were grown to an A 600 of 1 in LB medium. Cells from 10 ml of culture were pelleted by centrifugation and resuspended in 500 l of LB for each treatment. Each 500-l cell suspension was treated either with dimethyl sulfoxide (DMSO; solvent used for dissolving cross-linkers) or with the homobifunctional maleimide cross-linkers BMH (Thermo Scientific Pierce), BMOE (Thermo Scientific Pierce), and o-PDM (Sigma) at a final concentration of either 0.25 mM for cytoplasmic side variants or 1 mM for periplasmic side variants. Samples were incubated on a rotator at room temperature for 5 min in the dark. For the NEM (Santa Cruz Biotechnology) pretreatment experiments, samples were treated with 10 mM NEM and incubated on a rotator at room temperature for 10 min to block the cysteine before the addition of cross-linkers. After the incubation with cross-linkers, L-cysteine (Sigma; 10 mM final concentration) was added to quench unreacted cross-linkers. After 5 min at room temperature, each sample was washed with phosphate-buffered saline (PBS; pH 7.4) and processed for spheroplast and membrane preparation. For spheroplast formation, the samples were resuspended in spheroplast buffer (50 mM Tris-HCl, pH 8.0, 1 M sucrose, 2 mM EDTA) with 0.125 mg/ml lysozyme. After incubating at room temperature for 15 min, 40 l of 1 M MgCl 2 was added, and spheroplast formation was confirmed through microscopy. Spheroplasts were collected by 2,057 ϫ g at 4°C and resuspended in 500 l of 50 mM Tris-HCl, pH 8.0, containing 1 l of Benzonase (Novagen). Membranes from the spheroplasts were pelleted using ultracentrifugation at 100,000 rpm for 1 h at 4°C in a Optima-MAX-TL ultracentrifuge (Beckman Coulter) using a TLA120.2 rotor. The membrane pellet was resuspended in thrombin reaction buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2.5 mM CaCl 2 , 1% n-dodecyl ␤-D-maltoside) (38) , and samples were centrifuged to remove unsolubilized or aggregated proteins. After centrifugation, 0.4 unit of thrombin protease (Sigma) was added or not Probing the alternating-access mechanism for MurJ (i.e. untreated samples) to 50 l of the solubilized membrane fraction, and the reaction was incubated overnight at room temperature. Then, an equal volume of 2ϫ AB buffer (6.84 mM Na 2 HPO 4 , 3.16 mM NaH 2 PO 4 , 50 mM Tris-HCl, pH 6.8, 6 M urea, 1% ␤-mercaptoethanol, 3% SDS, 10% glycerol, 0.1% bromphenol blue) (26, 28) was added to the samples, and samples were loaded onto either 10 or 12% SDS-polyacrylamide gels for electrophoresis and detection by immunoblotting.
Ionophore treatment and subsequent cysteine cross-linking
Strains were grown to an A 600 of 1 in LB medium. Then, 10 ml of these cultures was treated with either DMSO or 100 and 200 M TCS (Acros Organics), respectively. After incubating samples on a rotator at room temperature for 10 min, samples were treated with 1 mM cross-linker (o-PDM) and processed as described above.
Immunoblotting for FLAG-MurJ detection
Samples were either prepared as explained above for the cysteine cross-linking experiments or as described previously (28) with certain modifications as follows. Cells were grown overnight, normalized by dividing 400 by A 600 values, pelleted by centrifugation, and lysed with 50 l of BugBuster protein extraction reagent (Novagen) and 1 l of Benzonase (Novagen). After incubating the samples on a rotator for 30 min at room temperature, 50 l of 2ϫ AB buffer was added. Samples were loaded onto a 10% SDS-polyacrylamide gel for electrophoresis. Proteins were then transferred from the gel to a polyvinylidene difluoride membrane at 10 V for 2.5 h using a semidry transfer apparatus (Bio-Rad). Polyvinylidene difluoride membranes were probed with anti-FLAG M2 (1:10,000; Sigma-Aldrich) and anti-mouse horseradish peroxidase (1:10,000; GE Healthcare) antibodies. These membranes were also blotted with anti-LptB (1:50,000; our laboratory collection) and anti-rabbit horseradish peroxidase (1:10,000, GE Healthcare) antibodies to check for equal loading. Signal was developed using the Clarity Western ECL substrate according to the manufacturer's instructions (Bio-Rad) and detected using a ChemiDoc XRSϩ system (Bio-Rad).
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